Abstract-Potential-induced degradation (PID) of photovoltaic modules is due to transport of alkali metal ions (Na + ) from the soda-lime glass (SLG) into the semiconductors. For the most efficient polycrystalline absorbers, Na and K in the Cu(In,Ga)(Se,S) 2 (CIGS) absorber often benefit performance, so a more detailed mechanism for PID is needed. To that end, CIGS solar cells have been encapsulated, stressed with high voltage, and cored to extract the active regions for characterization. SLG substrates led to 14.9% efficiency on average, which reduced to 0% after 25 h of −1000 V bias. This was accompanied by increased Na in the CIGS layer, particularly at the buffer interface, as well as decreased carrier concentrations. On the other hand, borosilicate glass substrates with low Na and high K content led to 13.6% efficiency on average, which only reduced to 12.1% after 25 h of stress. This was accompanied by slightly increased K content in the CIGS layer. As K has led to recent world record efficiency CIGS devices, understanding Na and K similarities and differences may help to enhance initial efficiency and reduce PID.
I. INTRODUCTION
A DVANCING the understanding of potential-induced degradation (PID) can add value to photovoltaic (PV) modules by helping to accurately predict power output and mitigate degradation. The study of PID is therefore important for the successful commercialization of every PV absorber. Cu(In,Ga)(Se,S) 2 (CIGS)-based solar cells have reached 22.9% efficiency [1] , making them the most efficient polycrystalline technology. CIGS absorbers are known to benefit from alkali metal dopants, which can diffuse out from soda-lime glass (SLG) substrates to enhance carrier concentration and reduce recombination [2] . On the other hand, transport of Na + from SLG into the semiconductors is the cause of PID in Si, CdTe, and CIGS modules [3] . Alkali metals can therefore benefit and deteriorate PV performance, depending on their particular distribution and bonding. Careful study of these will be needed to optimize the initial efficiency and degradation of CIGS modules.
The focus of this study is to begin examining the difference between Na and K alkali metals with respect to PID. This is partly motivated by the numerous world record efficiency devices that have resulted from KF (or RbF) post-deposition treatments (PDTs) [1] , [2] , [4] . KF PDTs can result in high performance, even when the absorber/buffer interfaces have very high K compositions. These results have shown that K can enhance initial PV performance more than Na, which has launched numerous investigations into the effects of switching from Na to K on chalcopyrite materials and their PV properties. The next step is to examine how switching from Na to K affects other properties like moisture-induced degradation and PID. To that end, this study examines the effect of switching from SLG to borosilicate glass (BSG) substrates. The BSG used in this study was chosen to have thermal expansivity that is well-matched to CIGS, as well as relatively low Na and high K content, leading to sufficient K out-diffusion into the growing absorber for high initial PV performance. The SLG and BSG substrates form Na-rich and K-rich CIGS, respectively, providing a convenient means to study the effect of switching alkali metals on PID.
II. EXPERIMENTAL
A method for packaging seven small area solar cells (0.42 cm 2 ) into module-like encapsulated samples was previously developed and reported [5] . The method is presently employed to use research-scale solar cells to study industryand module-relevant PID. Standard CIGS device stacks were used: 1 µm of Mo was DC sputtered onto a clean substrate, followed by three-stage co-evaporation of CIGS with Ga/(Ga+In) of 0.3, chemical bath deposition of 50 nm CdS, RF sputtering of 90 nm intrinsic ZnO and 120 nm Al-doped ZnO, and Ni/Al finger grids. Without breaking vacuum, a KF PDT was performed on some absorbers by holding them at 330°C for 10 min while evaporating 30 nm of KF at a Se/KF molar flux ratio of 70. The BSG substrates were D263 glass from Schott. Photolithography was used to isolate device mesas by etching the CdS/ZnO layers back to the CIGS absorber. Extra contact shadowing was necessary to fabricate external leads, which reduced the current density by 6.2%, and led to lower power conversion efficiencies by ∼1% absolute, relative to standard 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. PID stressing was performed by placing Al tape on the back of the substrate glass, grounding it, and applying −1000 V bias to the seven solar cells' front and back contacts (shortcircuited and strung in parallel). This was done in the dark at 85°C and 10% relative humidity (RH) for 18-600 h. Leakage current through the glass was measured throughout. Control samples for each substrate glass also experienced thermal stress (25 h at 85°C) without high voltage stress applied. Before longterm PID experiments, samples were sometimes heated up to 85°C, equilibrated for 20 h, then cooled, followed by remeasuring JV and CV. For the longest (600 h) experiment, the PID stress was interrupted at multiple times to monitor JV and CV changes throughout. Next, the encapsulated devices were cored by drilling through the cover glass with a hollow bit and lubricant (the technique was developed for coring industry modules [6] ). Afterward, a metal handle was fastened to the core with super glue, the sample was placed on a hot plate set to 65°C for 5 min to soften the EVA, and the core was removed by applying torque to the handle. Finally, the handle was removed from the cored sample by soaking overnight in acetone. After several rounds of optimization, this technique led to complete delamination at the ZnO/EVA (and Al grid/EVA) interface [7] . The control and PID samples underwent the same coring process, so their differences should be attributable to PID, not alkali metal diffusion that may have occurred during coring. Secondary ion mass spectrometry (SIMS), time-of-flight (TOF)-SIMS and depth-profiled X-ray photoelectron spectroscopy (XPS) were performed on the cored samples. For each SIMS profile, intensities were scaled to a Se intensity of 1000 counts. The SIMS relative sensitivity factor for a standard CIGS film was used to quantify the Na concentration in absorbers. The TOF-SIMS results for SLG substrates were presented in a separate study [8] . Na was below the detection limit of XPS throughout the device stack in the cored, stressed sample on SLG-an unexpected result that is still being investigated.
III. RESULTS AND DISCUSSION

A. Encapsulated Performance
This study employed K-rich borosilicate glass substrates instead of Na-rich SLG as a means to achieve comparable initial performance with greatly reduced PID. Multiple BSGs were explored at first, and the D263 BSG was the best of all investigated because of its thermal expansion coefficient of 7 · 10 −6 K −1 , which was well matched to that of CIGS (∼ 7-9 · 10 −6 K −1 [9] , [10] ). A KF PDT was additionally performed on SLG substrates. KF PDTs are known to enhance initial efficiency [2] , but studies have connected alkali metals with degradation in damp heat [11] , so more work is needed to understand how KF PDTs affect power produced over the lifetime of the PV module. The number of devices for each process, initial champion PV parameters, and carrier concentrations after encapsulating are shown in Table I . The KF PDT primarily enhanced average performance by increasing the open-circuit voltage (V OC ) and fill factor (FF), in spite of the decrease in carrier concentration. These results are in line with the KF PDT reducing recombination while reducing the grain interior Na content [2] . The K-rich BSG had slightly worse efficiency due to V OC and FF reduction. All films had roughly the same overall compositions by XRF, and SIMS revealed no differences in the Ga/(Ga+In) composition (band gap) gradient throughout the absorber thickness. The J SC differences in Table I are explained in the next section. Na-rich SLG substrates achieved greater doping and V OC , while the K-rich BSG substrates had less doping and V OC .
B. Diffusion (85°C; No Bias)
The encapsulation process (20 min at 145°C) boosted the V OC and FF for the K-rich absorbers (see Table II ), while the SLG devices had a modest FF gain. These changes are in line with previous observations of improved performance after briefly annealing devices [12] . The changes in J SC were a result of cover glass optics, where the BSG was much less reflective than SLG. After encapsulation and before PID studies were performed, brief and extended thermal anneals were examined as control samples-these samples endured the long-term expo- sure to 85°C without bias. Independent of the thermal anneals' duration, samples of every type exhibited a decrease in carrier concentration by 2× to 3× (see Fig. 1 ). As expected, this coincided with a small V OC and efficiency reduction. These changes may be attributable to diffusion, possibly through a redistribution of alkali metals. Since Na is smaller than K, it should have a higher diffusivity at 85°C. Na's smaller atomic radius should also make its grain interior defect formation energies more favorable than K, likely making it a more active dopant [2] . For these reasons, the redistribution of Na may dominate the observed carrier concentration and efficiency losses after thermal diffusion. Future investigation should focus on why the brief anneal (encapsulation process) improved V OC and FF while the longer anneals had the opposite effect.
C. Drift and Diffusion (−1000 V and 85°C)
Previous studies of CIGS PID have shown that separating moisture and potential effects is crucial [3] , so this study employed encapsulation to eliminate moisture. The control samples experienced the 85°C and 10% RH along with the samples that were stressed at high voltage. Bias can be applied across the substrate glass or the cover glass, and both have been shown to cause PID [13] , [14] . In this study, four configurations were initially tested on SLG substrates: positive or negative 1000 V, in each case applied either across the substrate or across the cover glass [15] . Bias across the cover glass with both polarities had little or no effect after 100 h of stress. Applying positive bias to the cells with the back of the substrate grounded, which establishes an electric field from the device toward the back (and should drive Na + the same direction), did not cause PID in 100 h, and may have even improved performance. Applying negative bias to the cells to establish an electric field from the back toward the device (driving Na + from the substrate into the device) caused catastrophic PID. In some cases, the PID (efficiency and carrier concentration losses) could be recovered by reversing the voltage polarity, in agreement with former reports [3] , [13] , [14] , [16] . However, the drops in efficiency and carrier concentration associated with thermal diffusion (see Fig. 1) were not restored by the polarity switch. The most damaging configuration (−1000 V on the substrate) was carried on for the rest of the experiments on KF PDTs and BSG substrates.
Initial PV performance of the encapsulated BSG devices was almost as good as the standard SLG devices (see Table I ) because high levels of K diffused out from the BSG into the growing absorbers (see Fig. 2 ). This caused the absorber K SIMS signal on BSG substrates to be similar to the absorber Na SIMS signal on SLG substrates, although K SIMS quantification with standards is ongoing. This relatively high apparent concentration of K established majority carrier hole concentrations approaching those established by Na on SLG substrates (see Table I ). In this way, K can achieve similar effects to Na with respect to absorbers' initial PV performance. After 25 h of stressing, all of the devices on SLG exhibited catastrophic PID to 0% efficiency, regardless of whether or not they received a KF PDT, while the BSG substrates suffered much less degradation (see Fig. 3 ). In fact, the stressed BSG champion device (see Fig. 3 ) had similar performance to the control BSG champion (see Fig. 1 ). This indicates that the initial BSG PID losses were likely thermally induced degradation by diffusion, not actual PID, where the latter should be dominated by drift of ions from the substrate to the Mo layer. Much longer stressing durations were carried on for two batches of BSG substrates, and slow PID was observed out to 600 h. Fig. 3 summarizes the contrast in stability between the SLG and BSG solar cells with respect to time under high voltage stress.
The BSG substrates led to about 35× less leakage current throughout the PID stressing, relative to SLG. As mentioned, the lower mobility of K relative to Na should lead to less drift of K + ions from BSG, relative to Na + from SLG. The PID durations were extended by 24× to account for this conductivity difference, and to compare PID for BSG and SLG on the basis of Coulombs transferred [17] . After physically driving equal amounts of cations into the devices, the SLG and BSG substrates had similar degradation in performance [see Fig. 4(a) ]. Furthermore, the same trend is observed in Fig. 4(a) for all of the lines, despite the differences in initial absorber alkali metal content (SLG led to high Na, SLG + KF PDT led to high Na and K, and BSG led to high K in the absorbers) and differences in substrate alkali metal content (Na for SLG and K for BSG). This verified that CIGS PID is primarily due to the high bias causing a physical drift of alkali metal cations from the substrate (which behaves as a semi-infinite source) into the Mo back contact. These cations then diffuse to the junction, where they accumulate to reduce the charge carrier concentration and built-in voltage, which degrades efficiency, V OC , and FF. On the other hand, the BSG champions outperformed SLG champions, even when plotted against Coulombs [see Fig. 4(b) ]. This differ- ence could result from diffusion effects: since the BSG samples had much longer durations at 85°C, roughly 24× more diffusion should have occurred. Diffusion could be reducing the K + accumulation in the junction that high bias causes, which could also explain the recovery after PID that has been reported to occur even at room temperature [18] . Alternatively, there could be chemical aspects of PID: alkali metal ions driven from the substrate to the CIGS surface and CdS layer could form bonds which are more or less harmful, depending on whether the alkali metal is K or Na. While this mechanism is speculative, it would be consistent with the widespread observation that high-performance CIGS/CdS metallurgical junctions can tolerate very high levels of K [2] . Na (K) that diffuses out from the substrate or is supplied extrinsically during absorber growth should react rapidly with the supplied Se or H 2 Se, forming Na 2 Se (K 2 Se). On the other hand, PID supplies Na + (K + ) ions. In the absence of moisture and excess Se reactants, Na + (K + ) is more likely to be reduced through the oxidation of CIGS and CdS, possibly forming more harmful defects in these semiconductors than their respective reactions with Na 2 Se (K 2 Se). The main conclusion from this PID study is that the reduced conductivity of the BSG substrates led to less alkali metal migration from the BSG into the semiconductors, which is the primary cause of the dramatic PID difference between the different substrates.
For all samples, the losses in efficiency after PID were in V OC and FF, whereas J SC stayed relatively constant. This coincided with a decrease in carrier concentration. As mentioned, the PID could be reversed by reversing the polarity of the high voltage, and this was associated with a recovery of carrier concentrations to near their initial values. Fig. 5 shows that for the SLG sample, after just 25 h of PID, the Na content near the CIGS/CdS p-n junction increased substantially. The SIMS Na data in Fig. 5 were quantified with a CIGS calibration standard: the peak Na concentration at the CIGS surface increased from 1.2 to 4.2 · 10 19 cm −3 from the control to the 25 h PID SLG sample. Much like the SLG PID absorber had increased Na, the BSG PID sample had more K in the absorber than the BSG control. However, the gain in BSG absorber K was less pronounced than the Na gain on SLG since the samples were cored for SIMS after only 25 h of PID, which led to 35× fewer Coulombs transferred from the BSG, relative to the SLG. The ZnO bilayer actually exhibited less Na (K) for the SLG (BSG) substrates after PID. Understanding this result with depth-profiled XPS was unsuccessful, as Na was below the detection limit. Regardless of whether the unexpected trend in alkali metal content in ZnO was a SIMS artifact, the Na and K levels both peaked at the CIGS/CdS interface in this study. An example mechanism for PID is that alkali metal cations could form interstitial defects within the CdS layer that act as compensating acceptors. Alternatively, excessive Na + /K + defects in the inverted CIGS surface could reduce inversion by acting as compensating acceptors. Excessive alkali metals at the CIGS/CdS interface could also cause catastrophic PID through shunting or interfacial recombination. The present results suggest that PID occurred through harm to the p-n junction itself-as opposed to ZnO corrosion, which has been observed in previous CIGS PID studies [3] , [14] , [19] . ZnO corrosion is much faster in the presence of moisture [3] , highlighting the importance of encapsulation for PID experiments. Based on this work and previous studies, multiple PID mechanisms probably exist, so laboratory conditions should approximate field conditions as much as possible to ensure widespread utility of the results. It should therefore be noted that modules can exhibit leakage current pathways that involve metal frames [20] , [21] , which should not be present in this paper, although not all modules have metal frames. PID in monolithically integrated CdTe modules can be accelerated at scribe lines [22] , a phenomenon that has also been documented in CIGS [19] .
IV. CONCLUSION
This study examined the effect of switching from SLG to BSG substrates on PID of CIGS. The BSG had well-matched thermal expansivity and high K content. The high K levels led to increased K in the absorber layer, which led to initial PV performance similar to devices on standard SLG substrates. High voltage stressing led to catastrophic PID of solar cells on SLG substrates after just 25 h. In contrast, solar cells on BSG substrates only degraded marginally over this period. The SLG PID was associated with increased Na in the absorber, especially near the buffer interface. The less conductive BSG had reduced leakage current, which diminished PID. Longer stressing was used to drive comparable K + into the junction from the BSG, relative to Na + from the SLG. On average, this caused similar PID for all samples-showing that PID is due to physical accumulation of ions in the junction. These cations initiate PID by compensating to reduce charge carrier concentration, built-in voltage, V OC , and efficiency, although catastrophic PID could also relate to shunting or interface recombination. On the other hand, champion devices on BSG outperformed those on SLG after high voltage stress, even when compared per Coulomb of cation transferred, which may be evidence of secondary PID mechanisms. Therefore, doping CIGS with K can produce solar cells with world record efficiency, and this work has shown that switching from Na to K may also reduce PID.
